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In this paper we study the scalar and electromagnetic perturbations of an extended black
hole in F(R) gravity. The quasinormal modes in two cases are evaluated and studied their
behavior by plotting graphs in each case. To study the quasinormal mode, we use the
third order WKB method. The present study shows that the absolute value of imaginary
part of complex quasinormal modes increases in both cases, thus the black hole is stable
against these perturbations. As the mass of the scalar field increases the imaginary part
of the frequency decreases. Thus damping slows down with increasing mass of the scalar
field.
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magnetic perturbations..
PACS Nos.: 04.70.Dy, 04.70.-s
1. Introduction
One of the most exciting discoveries in cosmology after Hubble’s discovery of expan-
sion of universe is the accelerated expansion of the universe1,2. In order to explain
the acceleration, it becomes necessary to modify the existing theory of gravitation
proposed by Einstein, ie., the General Theory of Relativity. It can be done in two
ways, the first one is to modifying the energy-momentum part of the field equa-
tion. This necessitates the existence of an exotic component called dark energy.
The cosmological constant is the simplest dark energy model. Since the effect of
dark energy can be felt only at large scales there are no experimental supports to it
till now. The second approach to explain the observed acceleration of the universe is
∗Typeset names in 8 pt Times Roman, uppercase. Use the footnote to indicate the present or
permanent address of the author.
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to modify the curvature dependent part of field equation. This results in extended
theories of gravity. There are a number of extended theories of gravity in literature.
F(R) gravity, Gauss-Bonnet gravity, teleparallel gravity and new massive gravity
are some examples of extended theories of gravity. Among them, F(R) gravity is
simple and successful3.
Even though the F(R) gravity is most simple and comparatively successful, we
cannot find out a unified F(R) model which explains both galaxy rotation curves of
different galaxies as well as the accelerated expansion of the universe. Some F(R)
models like R−1 suffers the problem of ghosts. We must choose an F(R) model that
must be stable for different types of perturbations. The different studies towards the
quantum gravity show that there must be terms of curvature invariants but there
are no curvature invariants in general F(R) theory4.
The action of F(R) gravity is obtained by replacing the Ricci scalar R in the
Einstein-Hilbert action by a general function of R. Varying the action thus obtained
with respect to the metric we get the F(R) field equation, it is a fourth order
equation. Comparing the field equation of General Theory of Relativity which is
second order, the field equation of F(R) gravity is more difficult to solve. Static
cylindrically symmetric interior solutions in F(R) gravity is studied by Sharif et al5
and Godel solution is obtained by Santos6 in F(R,T) gravity. Thermodynamics of
evolving Lorentzian wormholes is studied by Saiedi7. In this work we use a solution
originally obtained by Sebastiani et al8. Scattering of scalar field in this metric has
been studied by the authors9.
The quasinormal modes are the characteristic sound of black hole, which was
first pointed out by Vishveshwara10. Chandrasekhar and Detweller11 studied the
quasinormal modes of Schwarzschild black hole. Since then there are a number of
works appeared in this field. For a review on quasinormal modes please see the
references12,13 and references therein. The study of quasinormal modes becomes
relevant because it gives a direct way to detect black hole using the gravitational
waves. There are a number of methods for evaluating quasinormal frequencies but
the WKB method developed by Schutz, Will and Iyer is the simplest14,15,16.
The paper is organized as follows. In section 2 we discuss the static spherically
symmetric solution in F(R) gravity In Section 3, we study the quasinormal modes
of the extended black hole perturbed by electromagnetic field. In Section 4 we study
the quasinormal modes of extended black hole using scalar perturbation for massive
and massless cases. WKB approximation is discussed in Section 5 and finally in
Section 6 Conclusion of the present work is given.
2. Static spherically symmetric solution in F(R) theory
Starting with the F(R) action as
S =
1
2κ2
∫
d4x
√−gF (R), (1)
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where g is the determinant of the metric and F is the general function of Ricci
scalar R. We start with a static spherically symmetric solution.8 We take F (R) =√
R+ 6C2 and this particular form of F(R) is taken as it gives a valid black hole
solution. We take this F(R) as positive, where C2 is an integration constant. This is
chosen either as positive or zero and all terms in the radical are taken as positive.
We write the static spherically symmetric solution as8
ds2 = −e2β(r)B(r)dt2 + dr
2
B(r)
+ r2dΩ2. (2)
With constant β, we get the solution as
ds2 = −B(r)dt2 + dr
2
B(r)
+ r2dΩ2, (3)
where B(r) is given by
B(r) = 1− C1
r2
+ C2r
2. (4)
Comparing with Schwarzschild-de Sitter solution, the C2 term in the solution which
is the coefficient of r2 can represent the cosmological constant term. For in this case
we choose C1 = 2αm and C2 = 0. We choose C2 = 0 because we restrict our study
to a space time which is asymptotically flat17. We select C1 as 2αm such that the
metric should be positively related to the mass only in such cases we get the correct
Newtonian limit and α is chosen as a length parameter. Thus the extended metric
in F(R) gravity is given by8,9,
ds2 = −
(
1− 2αm
r2
)
dt2 +
(
1− 2αm
r2
)
−1
dr2 + r2dθ2 + r2sin2θdφ2, (5)
where m is the black hole mass and α is a length parameter of the metric. The
black hole mass is related to the metric linearly and thus we assume a linear mass
term with one length parameter. This length parameter can be adjusted to obtain
an effective rotation curves of galaxies and gravitational lensing. F(R) is chosen as
above because only this form of F(R) will give a static spherically symmetric black
hole solution. F(R) models with R−1, R2 etc.18,19 have been studied but they do
not possess black hole solution.
3. Evolution of quasinormal modes-Electromagnetic perturbation
We are studying the evolution of Maxwell field in this extended space time in F(R)
gravity. The Maxwell’s equation can be written as,
Fµν;ν = 0, Fµν = Aν,µ −Aµ,ν , (6)
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Table 1. Quasinormal frequencies - elec-
tromagnetic perturbation.
l n Re(ω) Im(ω)
2 0 1.142700 -0.343905
1 0.992173 -1.082550
2 0.767162 -1.877770
3 0.475127 -2.699680
3 0 1.67599 -0.348490
1 1.567820 -1.070310
2 1.389310 -1.835120
3 1.160460 -2.628530
4 0.881184 -3.440780
4 0 2.19324 -0.350460
1 2.109240 -1.066020
2 1.961730 -1.812700
3 1.769050 -2.586900
4 1.536860 -3.380010
5 0 2.70389 -0.351472
1 2.635290 -1.064070
2 2.510170 -1.799570
3 2.342660 -2.559400
4 2.140600 -3.338360
where Fµν is the electromagnetic field tensor and Aµ is the vector potential and vec-
tor potential Aµ can be expressed as four dimensional vector spherical harmonics
20,
Aµ(t, r, θ, φ) =
∑
l,m




0
0
alm
sinθ
∂φYlm
−alm(t, r)sinθ∂φYlm

+


f lm(t, r)Ylm
hlm(t, r)Ylm
klm(t, r)∂θYlm
klm(t, r)∂φYlm



 , (7)
where l and m are angular momentum quantum number and azimuthal quantum
number respectively. The first column has a parity of (−1)l+1 and the second column
has (−1)l. We define the tortoise coordinates as dr∗
dr
=
(
1− 2αm
r2
)
−1
such that after
some mathematical steps, we get the Regge-Wheeler21 equation as,
d2
dr2
∗
Φ(r) + (ω2 − V )Φ(r) = 0, (8)
with the potential V given by,
V (r) =
(
1− 2αm
r2
)(
l(l+ 1)
r2
)
, (9)
where Φ(r) = alm for parity (−1)(l+1) and Φ(r) = r2
l(l+1) (−iωhlm− df
lm
dr
) for parity
(−1)l. Using WKB approximation method given in section.5 we can evaluate quasi-
normal modes of electromagnetic perturbation. The electromagnetic quasinormal
modes are given in Table. 1
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Fig. 1. Quasinormal modes - electromagnetic perturbation - massless case.
4. Quasinormal modes - Scalar perturbation
In this section, we study the quasinormal modes of the extended black hole in
F(R) gravity perturbed by scalar fields. The metric is given by Eq.(5). Since we
are considering the scalar perturbation, we can use the Klein Gordon equation. We
consider here both the massless and massive scalar field. The Klein-Gordon equation
for a massive scalar field is,
Ψ− u2Ψ = 1√−g
(
gµν
√−gΨ,µ
)
,ν
− u2Ψ = 0, (10)
where u is the mass of the scalar field. In order to separate the wave function into
radial, temporal, and angular parts, we write Ψ as
Ψ = Φ(r)Ylm(θ, φ)e
−iωt. (11)
Substituting Eq. 11 in Eq. 10 and after straight forward calculation, the radial part
is given by[(
1− 2αm
r2
)
−1
ω2 +
(
1− 2αm
r2
)
∂2r −
l(l+ 1)
r2
+
1
r
∂r
(
1− 2αm
r2
)
− u2
]
Φ = 0.
(12)
Introducing the tortoise coordinate as dr∗ =
dr
1− 2αm
r2
, Eq.(8) can be written as,(
d2
dr2
∗
+ ω2 − V (r)
)
Φ(r) = 0, (13)
where the potential V(r) is given by
V (r) =
(
1− 2αm
r2
)(
l(l + 1)
r2
+
4αm
r4
+ u2
)
. (14)
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Table 2. Quasinormal frequencies - scalar perturbation.
l n Re(ω) Im(ω) Re(ω) Im(ω)
u = 0 u = 0 u = 0.1 u = 0.1
2 0 1.24391 -0.358055 1.24565 -0.357272
1 1.09979 -1.12409 1.10026 -1.12267
2 0.887537 -1.946290 0.887124 -1.94536
3 0.615554 -2.792610 0.614869 -2.79230
3 0 1.74795 -0.355789 1.749280 -0.355375
1 1.64228 -1.09191 1.64305 -1.09095
2 1.46848 -1.87071 1.46859 -1.86973
3 1.24684 -2.67761 1.24654 -2.67691
4 0.977252 -3.50226 0.976773 -3.50188
4 0 2.24908 -0.354872 2.25015 -0.354617
1 2.166320 -1.07915 2.16710 -1.07849
2 2.021180 -1.83435 2.02154 -1.83355
3 1.832020 -2.61689 1.83203 -2.61616
4 1.604590 -3.41799 1.60436 -3.41743
5 0 2.74951 -0.35442 2.75039 -0.354248
1 2.68161 -1.072870 2.68233 -1.07240
2 2.55785 -1.814110 2.55831 -1.81348
3 2.39234 -2.579580 2.39252 -2.57893
4 2.19296 -3.364040 2.19292 -3.36347
r∗ ranges from −∞ to+∞ The scalar field perturbation is studied and the corre-
sponding quasinormal modes are obtained and are tabulated in Table. (2).
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Fig. 2. Quasinormal modes - scalar perturbation - massive case.
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5. WKB approximation method
Using the third order WKB approximation method developed by Schutz and Will14
and finally modified by Iyer and Will15,16, we can obtain the frequency of the
quasinormal mode in general as,
ω2 = [V0 + (−2V ′′0 )
1
2Λ]− i(n+ 1
2
)(−2V ′′0 )
1
2 (1 + Ω), (15)
where
Λ =
1
(−2V ′′0 )
1
2
[
1
8
(
V
(4)
0
V ′′0
)(
1
4
+ α2
)
− 1
288
(
V ′′′0
V ′′0
)2
(7 + 60α2)
]
, (16)
and
Ω =
1
(−2V ′′0 )
[
5
6912
(
V ′′′0
V ′′0
)4 (
77 + 188α2
)− 1
384
(
(V ′′′0 )
2(V
(4)
0 )
(V ′′0 )
3
)(
51 + 100α2
)
(17)
+
1
2304
(
V
(4)
0
V ′′0
)2
(67 + 68α2) +
1
288
(
V ′′′0 V
(5)
0
(V ′′0 )
2
)
(19 + 28α2)
1
288
(
V
(6)
0
V ′′0
)
(5 + 4α2)],
where α = n+ 12 , and
V
(n)
0 =
dnV
drn0
|r∗=r∗max. (18)
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Fig. 3. Quasinormal modes - scalar perturbation - massless case.
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The potentials given in Eq. 9 and Eq. 14 corresponding to electromagnetic and
scalar perturbations are substituted in the WKB formula and obtained the corre-
sponding complex frequencies. The quasinormal frequencies are tabulated in tables.
In Table.1 we give the electromagnetic perturbed quasinormal modes and in Table.
2 the quasinormal modes when the extended black hole is perturbed by the scalar
fields.
We have plotted the data in Fig.(1), for electromagnetic field case and from
this figure we can see that the real part of quasinormal frequencies decreases with
increasing mode number n for a given angular momentum quantum number l. The
Fig.(2) and Fig.(3) show scalar field perturbations for massless and massive field
respectively. In Fig.(1) Fig.(2) and Fig(3), the top dots are for n = 0. The mode
value of imaginary part of frequencies increases rapidly showing that the oscillation
is damping and black hole is stable against electromagnetic and scalar perturbations.
The absolute value of imaginary frequency increases with mode number showing
damping.
6. Conclusion
In this paper we have studied the quasinormal modes of extended black hole in F(R)
gravity. The black hole space-time is perturbed by electromagnetic and scalar waves
and behavior of the resulting quasinormal modes are evaluated. The present study
shows that the imaginary part of complex quasinormal modes for both cases increase
showing damping of oscillations. Thus the black hole is stable against both scalar
and electromagnetic perturbations. The damping time increases with increasing
mass of the field.
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